The ground state, singlet, and triplet excited states, and ionized states of ferrocene Fe͑C 5 H 5 ) 2 were studied by the symmetry adapted cluster ͑SAC͒/SAC-configuration-interaction method. The calculated ionization energies and intensities fairly well reproduced the observed photoelectron spectrum in the wide region of 6 -14 eV. In particular, the first two peaks ( 2 E 2 Ј and 2 A 1 Ј) were assigned to the ionizations from the occupied 3d orbitals of Fe, mixed already with the two-electron shake-up processes. This is the first ab initio quantitative assignment that is consistent with the experimental data. For the singlet states, three d-d transitions were calculated at 2.12, 2.26, and 4.02 eV, which correspond to the experimental peaks observed at 2.69, 2.97, and 3.82 eV. We propose possible assignments for other absorption bands in the range of 2.12-6.57 eV. In another three triplet d-d transition states we calculated, we found that the energy order of these states (1 3 E 1 Љ , 1 3 E 2 Љ , 2 3 E 1 Љ) differs from that of singlet states (
I. INTRODUCTION
Since the discovery of ferrocene, Fe͑C 5 H 5 ) 2 , 1,2 a number of studies have clarified its structure, reactions, and properties. 3, 4 Ultraviolet and visible absorption spectra, in particular, have been studied extensively to clarify the electronic structure of ferrocene in its ground and excited states. [5] [6] [7] [8] [9] [10] [11] Photoelectron spectra of various ferrocene-type compounds have also been observed and are well documented. [7] [8] [9] Armstrong et al. 10 and Sohn et al. 11 reported that ferrocene exhibits at least 11 absorption bands in the range of 18 000-53 000 cm Ϫ1 ͑2.2-6.5 eV͒. Using the ligand-field theory, three d-d transitions were expected for d 6 -ferrocene, though there is considerable ambiguity in the location of these three transitions. Further, the positions of the spin-forbidden d-d transitions are unclear because of their small intensities. In the ionization spectrum, the first and second peaks were inferred from experimental data to be the ionizations from the 3d orbitals. 8, 9 A number of theoretical studies reported the bonding character of the ferrocene ground state: 4 The bonding nature between Fe and two cyclopentadienyl ͑Cp͒ rings is reasonably understood as the dative bond between Fe 2ϩ and Cp Ϫ . 3, 12 Recently, the mechanism of the protonation of ferrocene in the ground state has been studied using the CCSD͑T͒ method. 13 For ferrocene ionization energies, ⌬SCF calculations, 14, 15 X␣ scattered-wave calculations, 16, 17 and intermediate neglect of differential overlap ͑INDO͒ Green's function calculation 18 have been done. Ohno et al. 19 calculated the ionization energies with the ab initio third-order algebraic diagrammatic construction ͓ADC͑3͔͒ Green's function method and proposed the lowest four peaks to be E 2 Ј ͑metal͒, E 1 Ј ͑ligand͒, E 1 Љ ͑ligand͒, and A 1 Ј ͑metal͒. All calculations have contradicted with the experimental assignment, the lowest E 2 Ј ͑metal͒ and A 1 Ј ͑metal͒ states, either qualitatively or quantitatively.
For ultraviolet-visible absorption spectra of ferrocene, on the other hand, Rohmer et al. 20 proposed a theoretical assignment based on ab initio singly excited configuration interaction ͑SECI͒ calculations. Zerner et al. 21 also proposed a different assignment based on semiempirical INDO-SECI calculations. The calculated results did not satisfactorily agree with the experimental transition energies due to the small basis sets and/or the lack of electron correlations. More reliable ab initio studies are necessary to truly understand the electronic structures of the ground, excited, and ionized states of ferrocene. This paper addresses this subject using the symmetry adapted cluster ͑SAC͒ 22 and SAC-configuration-interaction ͑SAC-CI͒ 23 methods, which have been applied successfully to the spectroscopies of various molecules 24 including transition metal complexes. [25] [26] [27] We assign the photoelectron spectra and the ultraviolet-visible absorption spectra of ferrocene, Fe͑C 5 H 5 ) 2 by calculating the ground state, singlet, and triplet excited states, and ionized doublet states of this molecule.
II. METHOD
We used the Gaussian basis functions of triple-zeta quality for Fe and double-zeta quality for C and H; Huzinaga's ͑533111/52111/311͒ basis set is used for Fe, 28 Huzinaga's ͑5121/41͒ set for C, 28 and Huzinaga-Dunning's ͑31͒ set for H. 29 The basis set for Fe was augmented with Hay's flexible d function ͑ϭ0.1133͒ 30 and the augmented double-zeta ANO f functions of Roos et al. 31 The basis set for C was augmented with a polarization d function (ϭ0.6) 28 and that of H with a polarization p function ͑ ϭ 1.0͒. 29 On the center of each Cp ring, the s, p, and d Rydberg functions were added in double-zeta quality. 32 The total number of basis functions is 315.
Experimental geometrical parameters of Fe͑C 5 H 5 ) 2 for the ground state are used throughout the present calculations: 2.064 Å for Fe-C, 1.440 Å for C-C in the Cp ring, and 1.104 Å for C-H. 33 The Cp ring is assumed to be planar and the two Cp rings are in an eclipsed conformation (D 5h ), as observed in a gas phase. 34 The z-axis is defined to be parallel to the Cp-Fe-Cp axis.
The Hartree-Fock ͑HF͒ calculations were carried out using the GAUSSIAN 98 program. 35 The electron correlation in the ground state was taken into account by the SAC theory, and those in the singlet and triplet excited states and ionized doublet states by the SAC-CI theory. The active space in SAC and SAC-CI calculations involves 285 HF orbitals; the 1s, 2s, and 2p orbitals of Fe and 1s orbital of C were treated as frozen-core orbitals. To reduce the configuration number, perturbation selection technique 36 is used with energy thresholds of 1.0ϫ10 Ϫ5 for the ground state, 1.0ϫ10 Ϫ6 for the doublet ionized state, and 2.0ϫ10 Ϫ6 for singlet and triplet excited states.
III. GROUND STATE
The bonding nature of the ground state of ferrocene has been well documented as described above. Table I summarizes the energies and their characters of some important occupied and unoccupied orbital obtained by the present Hartree-Fock calculation. The highest occupied molecular orbital ͑homo͒ 4e 1 Љ and the next homo 6e 1 Ј are essentially the orbitals of the Cp rings ͑Cp-͒ and have small components of the 3d xz and 3d yz or 4p x and 4p y orbitals of Fe. We may consider that ferrocene has dative bonds between Fe 2ϩ and Cp Ϫ , electron donation being from Cp Ϫ to Fe 2ϩ through these orbitals. Occupied 3d orbitals of Fe (4e 2 Ј and 8a 1 Ј) are lower in energy than the Cp-orbitals (4e 1 Љ and 6e 1 Ј). The 4e 2 Ј orbitals are essentially the 3d xy and 3d x2Ϫy2 atomic orbitals of Fe with a small Cp-character, while the 8a 1 Ј orbital has 3d z2 and 4s character of Fe. The unoccupied 3d xz and 3d yz orbitals appear as 9e 1 Љ . Therefore, in a simple ligand-field picture, three singly excited d-d transitions are expected in this electronic configuration. The total energy at the HF level was Ϫ1646.4843 hartree and the ground state correlation energy obtained by the SAC method was Ϫ0.8361 hartree. Figure 1 shows the calculated SAC-CI ionization energies compared to the observed spectrum, 9 together with the HF orbital energies shown as Koopmans ionization energies. The observed spectrum in Fig. 1 has three bands below 16 eV. First and second bands have two peaks, and the third one has several peaks. The present SAC-CI result satisfactorily reproduces the observed first two bands including four ionized states. The SAC-CI method predicts the third band to have six electronic states. The ionization energies calculated by the SAC-CI method agree well with the observed ones. Table II lists the ionization energies and the intensities ͑in parentheses͒ calculated by the SAC-CI method and the HF method ͑Koopmans͒. The ionization energies calculated by the ab initio ADC͑3͒ Green's function method 19 and those observed 8, 9 are also shown for comparison. The first peak observed at 6.86 eV was calculated at 6.26 eV (1 2 E 2 Ј) as the ionization mainly from 4e 2 Ј MO. The second peak observed at 7.23 eV was calculated at 7.27 eV (1 2 A 1 Ј) as the ionization from 8a 1 Ј MO. These states have significant components of two-electron shake-up processes, which are from 4e 1 Љ , 4e 2 Ј to 9e 1 Љ , and from 4e 1 Љ , 8a 1 Ј to 9e 1 Љ , respectively, as shown below:
IV. IONIZED DOUBLET STATES
The extents of mixing of these shake-up configurations are very large as seen from the main configuration shown in Table II . It is very remarkable that even the first ionization peak already has a strong mixing of the shake-up ionizations. It is for this reason that the calculated ionization energy differs by more than 0.5 eV from the experimental value.
The next band at around 9 eV is assigned to be composed of the two peaks of the ionizations from the orbitals of the Cp rings and the d or p orbital of Fe. The third peak observed at 8.72 or 8.87 eV was calculated at 8.78 eV (1 2 E 1 Ј), which is the ionization from the 6e 1 Ј MO. The fourth peak observed at 9.14 -9.39 eV was calculated at 9.05 eV (1 2 E 1 Љ), which is the ionization from 4e 1 Љ . These two peaks do not have the shake-up mixing. The present assignment of the lowest four peaks agrees with the experimental prediction, though these peaks have not been reproduced quantitatively or even qualitatively in the previous theoretical calculations. 14 -19 The assignment of the ADC͑3͒ Green's function method differs from ours because the first and second peaks by ADC͑3͒ were not caused by the ionizations from the Fe d orbitals. The Koopmans picture completely breaks down as seen from Fig. 1 ; it fails to describe the ionizations from the d orbitals of Fe, due to the strong orbital relaxation and/or large electron correlation effects. This is seen from the main configurations of the 1 2 E 2 Ј and 1 2 A 1 Ј ionized doublet states shown in Table III .
For the next broad band in 11-14 eV, six ionized states were calculated by the SAC-CI method. The fifth peak calculated at 11.86 eV corresponds to the peak observed at 12.2 -12.3 eV and originates from the orbitals of the Cp rings mixed with the p orbital of Fe. The next higher two pairs of peaks calculated at 12.63, 12.65, and 13.46, 13.69 eV originate from the orbitals of the Cp rings, and the peak at 13.34 eV, which lies median between these two pairs of peaks, is the ionization from the orbital of the Cp rings. Note that the ordering of these six ionized states is quite different from that of the Koopmans picture, as seen from Fig. 1 and from the comparison between Tables I and II. Electron correlations are certainly very important for describing the electronic structures of the ionized states of ferrocene. Table III shows the singlet transition energies and the corresponding main configurations calculated by the SAC-CI method. The results calculated by the ab initio SECI method reported by Rohmer et al., 20 and by the INDO-SECI method reported by Zerner et al., 21 and the experimental transition energies 10, 11 are also shown in the same table. As for the experimental values, those observed in vapor phase 10, 11 and in a solution 10 are shown, since they are complementary with each other.
V. SINGLET EXCITED STATES
As expected from the ground-state electronic configuration, three d-d transitions may appear in the low-lying singlet excited states of ferrocene. The present work certainly gave the lowest three states, 1 1 E 2 Љ ͑2.11 eV͒, 1 1 E 1 Љ ͑2.27 eV͒, and 2 1 E 1 Љ ͑4.03 eV͒, to be essentially the d-d transitions in character, as expected. However, this energy order- 21 These transitions are dipole-forbidden, so that the observed peaks are very weak. In fact, the lowest two singlet transitions were eV in comparison with the experimental value of 5.82 eV, and this is the -* transition of the Cp ring. These transitions are dipole-forbidden and therefore, their experimental peaks have only small intensities, but they are reasonably well reproduced by the present SAC-CI calculations.
The first dipole-allowed transition is the 1 1 E 1 Ј state that is calculated at 6.34 eV by the SAC-CI method; the calculated energy well reproduces the observed ones, 6.31 eV in vapor and 6.20 eV in solution. The second dipole-allowed state is 2 1 E 1 Љ state calculated at 6.43 eV, which is assigned to the experimental peak observed at 6.58 eV. Thus, the dipoleallowed transitions in this energy region are also well reproduced by the present SAC-CI calculations. 20 and INDO-SECI 21 methods. The SAC-CI main configurations and their coefficients are also listed along with the observed excitation energies, 10 which were assigned experimentally to be spin-forbidden transitions. The present SAC-CI calculations indicate that the lowest three triplet excitations are d-d transitions in nature, as expected similarly from the case of the singlet excitations. The 1 3 E 1 Љ is located lower by 0.87 eV than the corresponding singlet 1 1 E 1 Љ state, while 1 3 E 2 Љ and 2 3 E 1 Љ states are lower by 0.43 and 1.43 eV than the corresponding 1 1 E 2 Љ and 2 1 E 1 Љ states. The large splitting of the singlet and triplet 2E 1 Љ states implies a considerable mixing of the Cp-states to the d states in the triplet state 2 3 E 1 Љ . Thus, the 3 E 1 Љ state has the lowest energy of these triplet states and the energy ordering of the triplet states (1 3 E 1 Љ , 1 3 E 2 Љ , 2 3 E 1 Љ) is different from that of the singlet states (1 1 E 2 Љ , 1 1 E 1 Љ , 2 1 E 1 Љ). The total energy order, including both singlet and triplet states, is
VI. TRIPLET EXCITED STATES
We assign the calculated 2 3 E 1 Љ state ͑2.60 eV͒ to the observed peak of 2.29 eV considering its weak intensity and the spinforbidden nature experimentally suggested, though the calcu- Table IV͒ is closer to the 2.29 eV peak than the 2 3 E 1 Љ state.
VII. CONCLUDING REMARKS
This paper summarizes the SAC/SAC-CI study on the ground state, singlet and triplet excited states, and doublet ionized states of ferrocene, Fe͑C 5 H 5 ) 2 . The main results of this paper are as follows:
͑1͒ The ionization spectrum in 6 -12 eV energy region is reproduced reasonably by the present calculations. The first and second peaks are assigned to the ionization from occupied 3d orbitals of Fe. This assignment is consistent with the experimental one. A remarkable point is the strong mixing of the shake-up processes even to these lowest ionization states, showing a break-down of the Koopmans picture.
͑2͒ The second and third broad bands in the ionization spectrum experimentally observed are composed of the two and six ionized states and were reproduced satisfactorily by the SAC-CI method. The Koopmans ordering was wrong for these states. ͑3͒ The observed peaks at 2.70, 2.98, and 3.82 eV were assigned to the singlet d-d transitions calculated at 2.11, 2.27, and 4.03 eV. Other dipole-forbidden states were also assigned satisfactorily to the weak peaks experimentally observed.
͑4͒ The absorption observed at 6.31 eV with strong intensity is assigned to the first dipole-allowed 1 E 1 Ј state, whose calculated energy is 6.34 eV. This agreement is much improved over those in the previous works. The second strong absorption peak is also well reproduced and assigned to the second 1 E 1 Ј state.
͑5͒ Three triplet d-d transition energies are calculated; they well reproduced the three weak peaks observed in 1.74 -2.29 eV.
